ABSTRACT Voltage source converter (VSC)-based multi-terminal high-voltage direct current (MTDC) technology is one of the most promising ways to integrate several non-synchronous weak ac grids into one hybrid ac/dc system. To enhance reliability and avoid unscheduled maintenance, it is desired that the VSC can remain operational without having to shut down despite some of its insulated gate bipolar transistors (IGBTs) or other devices are failed. Based on the dc voltage and ac frequency droop (V dc − f ) control, this paper proposed a control strategy for coping with the condition of lacking ac voltage signal. This fault condition may be caused by measurement fault or part of communication malfunction. The controller is similar to a virtual synchronous generator (VSG), where the dc voltage (or power) V dc is the input and the ac frequency is the output. With the new control strategy, the VSC could still run stably and provide frequency support for an ac grid, even though the ac voltage measurement device breaks down. Besides, it could provide a reference frequency for passive ac grid in which there is no synchronous generator providing the reference frequency. An ac/dc hybrid system model is built in MATLAB/Simulink. The model analysis and simulations are performed to demonstrate the performance of the proposed strategy.
I. INTRODUCTION
With the development of the world economy, the energy demand grows continuously. Solar, wind, and other new energy technologies have been developed rapidly in recent years. They, however, have the characteristics of intermittence and randomness, which makes it difficult for the traditional power system to absorb ultra-large-scale renewable energies. The direct current (DC) transmission system technology is one of most effective techniques to solve this problem. Besides, due to the excellent performance in terms of power quality and control flexibility, VSC-MTDC system has become a hot spot in DC transmission research area [1] - [8] .
Decreasing the standby equipment is an effective way to decrease the investment cost of a power system.
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However, security and reliability of power supply are seen as the primary concerns for power system. There are two important ways for the hybrid AC/DC power system to decrease standby equipment in the premise of keeping security and reliability. The first one is to make nonsynchronous AC grids share their frequency regulation function via MTDC. In this way, every AC system could decrease the capacity of backup generators. The second one is to increase the reliability and uninterruptable operation of MTDC. If the reliability and uninterruptable operation of a transmission system is increased, it will need less backup transmission lines.
In order to realize the nonsynchronous weak AC grids sharing their frequency regulation function, generally, the DC voltage droop (V dc -P) control and AC frequency droop (f -P) control are adopted. The combination of the two kinds of droop controls usually generates the (V dc -P-f ) droop control method [8] - [15] . The (V dc -P-f ) droop control modifies the reference output power according to the frequency deviation and the DC voltage deviation [10] - [14] . This kind of control method belongs to distributed control that only the local information is used and the communication between converter stations is unnecessary [8] and [9] .
In order to enhance the reliability and uninterruptable operation of the MTDC, it is highly desired that the MTDC could continuously run without any interruption or any significant degradation of performance, even though some devices malfunction (for example semiconductor devices or signalmeasurement equipment) [16] and [17] . If the converter could ride through the fault and repair the fault automatically, this kind of converter is called self-healing converter. Self-healing converter will greatly improve the reliability and uninterruptable operation of the MTDC. Thus, self-healing function will become a promising technology for the MTDC.
Power semiconductor devices are one of the most fragile components in their industrial applications [18] . Lots of work have been done for fault diagnosis and tolerant control of insulated gate bipolar transistor (IGBT) malfunction [19] - [23] . Several redundant and fault-tolerant schemes have been developed for the modular multilevel converter (MMC) [21] - [23] .
From literature study, it can be seen that lots of works have been extensively done on IGBT malfunction. While, tolerant control for other devices malfunction has not been fully studied. In order to realize the self-healing VSC station, tolerant control for other devices fault must be studied also. For example, AC voltage signal-measurement device or AC voltage signal communicating unit malfunctions. As far as the authors know, no work has done this research yet.
Base on this, this paper proposes a tolerant control strategy for AC voltage measurement malfunction in VSC-MTDC application. The new control method is similar to Virtual Synchronous Generator (VSG), where the DC voltage (or power) V dc is the input and the AC converter phase angle is the output. In the case that the AC voltage measurement device breaks down, the voltage controller of new control method will shift into constant virtual electromotive force control. So there is no need to detect the voltage amplitude of AC grid when AC voltage measurement device malfunctions.
With all VSCs controlled by the proposed strategy in a MTDC, non-synchronous AC grids will share their primary frequency regulation function with each other no matter the AC voltage signal-measurement equipment malfunctions or works well. In other words, the new control method improves the reliability and uninterruptable operation of a MTDC system.
Thus the contribution of this research is to proposes a tolerant control strategy for AC voltage measurement malfunction in VSC-MTDC application as follows:
• After the AC voltage measurement fault, the MTDC could normally run.
• After the AC voltage measurement malfunction, the MTDC could still realize three functions. The first one is providing a reference frequency to a weak AC grid. The second one is allowing the nonsynchronous AC grids to share their frequency regulation function. The third one is limiting over current. The remainder of this paper is organized as follows. In Section II, the topology of MTDC system is presented. The classical droop controllers are introduced in Section III. In Section IV, based on DC voltage-AC frequency (V dc -f ) droop control, the new control method is presented. In Section V, the system parameters are designed. The state-space modal analysis of hybrid AC/DC system is presented in Section VI. In Section VII, simulations of the proposed controller on a four-terminal MTDC test system are provided, showing the effectiveness of the proposed controller. The paper ends with concluding remarks in Section VIII.
II. THE SYSTEM TOPOLOGY
A. DC-TOPOLOGY Fig. 1 shows a radial topology of a four-terminal DC system, which will be analyzed as an example in this paper. In this system, four nonsynchronous AC systems are connected to the DC system by four converter stations, marked with Converter 1, 2, 3 and 4 respectively. With a star topology in the DC system, the converters are connected to the center node via four resistances: R1, R2, R3 and R4. In the AC side, each converter is connected to an AC system. Converter 1, 2, 3, 4 are connected to AC system 1, 2, 3, 4 respectively which are nonsynchronous with each other. As shown in Fig. 1 , there are five nodes in the DC power system and the node number is illustrated in Fig. 1 . 
B. SIMPLIFIED AC SYSTEM TOPOLOGY
This paper mainly focuses on the research of converter control method. In order to simplify the discussion, each nonsynchronous AC grids can be simplified as a 3 nodes model topology. Fig. 2 displays the topology of the simplified AC power system.
Each AC system consists of synchronous generator, transformer, transmission line and load. The generator adopts frequency-power (f -P) droop control. So the frequencies of the nonsynchronous AC systems will vary with the change of the loads. The generator is connected to the transmission line via a transformer. The load is connected to Bus 2, and the load adopt constant impedance load model. Though all the nonsynchronous AC grids have the same topology, the output power of different generators and loads are not identical, which will be illustrated in section IV.
C. CONVERTER STATION DESCRIPTION
Due to the high-voltage and high-power application, typical VSC-HVDC converter station model always adopts modular multilevel topology, which requires a very small simulation time step to well represent the PWM waveforms. The simulation speed is thus fairly slow. The main research point of this paper focuses on the method of tolerate control for measurement fault and coordinated control of AC/DC active power, it is not necessary to study the detail of VSC switching model. Since the study interest is not concentrated on the switches of the PWM converter, an average model without switches is used so that the simulation can be carried out with a larger time step resulting in a simulation speed improvement.
III. CLASSICAL DC VOLTAGE -AC FREQUENCY DROOP CONTROL METHOD
The classical V dc -P-f droop control is a combination of AC frequency-power (f -P) droop control and DC voltage-power (V dc -P) droop control [8] . Therefore, V dc -P-f droop control inherits the characteristics of the two traditional droop control method (f -P droop control and V dc -P droop control). With f -P droop control in AC side, the converter station could participate in primary frequency regulation. The characteristic of f -P droop control is illustrated in Fig. 3 (a). As displayed in Fig. 3(a) , the right part of this picture (the gray zone) represents the converter operating as inverter mode and the left part of this picture represents the converter operating as rectifier mode. In inverter mode, with f -P droop control, the inverter will operate as a power source in the AC side, and have the capacity of providing a primary frequency regulation function for the AC system.
The converter control characteristic of V dc -P droop is illustrated in Fig. 3(b) . The right part of this picture (the gray zone) represents the converter operating as rectifier mode and the left part represents the converter operating as inverter mode. With V dc -P droop control, the converter station could participate in DC voltage regulation [8] - [11] .
Integrating the ideas of f -P droop control and V dc -P droop control, the V dc -f -P control method will be obtained, as shown in Fig. 3 (c) [9] . V dc and f are intrinsic variables that reflect the power balance of DC grid and AC grid, respectively. However, the active power P is only an intermediate variable, which could be omitted. The new control strategy of this paper will omit the P variable.
B. CLASSICAL CONTROLLER
The classical controller of V dc -P-f designed in dq-frame is illustrated in Fig. 4 . The frequency and phase angle signals come from the detected AC voltage signal at the terminal of VSC. The collected frequency, DC voltage and active power are three feedback signals of the outer control loop [9] . The collected AC current signals are translated to d-axis and q-axis currents, which are used as the feedback signal for the inner PI controller. The cascaded PI controllers could generate the desirable modulation signal, which is used to generate the pulse-width modulation (PWM) signal with the help of collected frequency. 
IV. THE PROPOSED CONTROL STRATEGY A. PROPOSED CONTROL LOOP
In order to properly cope with the AC voltage measurement module malfunction, this paper proposes a novel control strategy as shown in Fig. 5 . Considering the tolerant control for AC voltage measurement fault, there are two work modes for the voltage controller to choose: Normal mode and Compromised mode (the yellow parts). Apart from the function of riding through device fault, there is an another difference between the new control method and the traditional (V dc -P-f ) droop control. The difference is that the proposed control method does not need to measure the frequency of AC grid and the output power. Omitting the P variable of V dc -P-f control, the V dc -f droop control method is obtained. As shown in Fig. 5 , the control strategy includes two parts: voltage controller and frequency controller. The virtual inertia is also considered in the frequency controller, which improves the transient load sharing performance of converter, just like the performance of traditional synchronous generator [7] - [9] .
According to the frequency controller in Fig. 5 , V dc_ref is the reference DC voltage and V dc is the detected DC voltage. Because the detected DC voltage is the feedback variable, the DC voltage of the converter is controllable. Just like the DC voltage droop control strategy, it helps the converter participate in DC voltage regulation [9] . Besides, the difference of the DC voltage V dc is used to adjust frequency variable ω via an integrator module. Because the frequency variable is generated from V dc rather than from the detected AC voltages, the new control method could provide reference frequency for the passive AC system in which there is no any traditional synchronous generator to provide reference frequency.
The modulation signal of the converter is AC voltage signal In normal mode, the virtual electromotive force (E d ) comes from the AC voltage regulation part or reactive power regulation part. E q usually equals to zero. U d and U q are the detected AC voltage which is collected and divided into d-q coordinates. The reference phase angle comes from frequency controller. I d and I q are the d-q coordinates current of AC side.
In the case of AC voltage measurement malfunction, the control system switches into compromised mode. Once the compromised mode is chosen, the virtual electromotive force (E d ) will be set the mean value of E d in one minute before mode switched. By this way, it makes sure the output of reactive power keeps unchanged in the process of mode shifting. Without voltage measurement, the active power and reactive power can not be regulated. In order to make sure there is no over current in some special conditions for converter, the E d should be regulated by the over current. Although there is no current control loop, a current limit controller is introduced to the compromised mode, which is called hysteresis controller in Fig.6 . I in is the current of AC side. If I in is larger than the threshold current, the difference value between I in and threshold current is used to regulate E d .
According to the frequency controller part in Fig. 5 , the relationship between DC voltage deviation V dc and frequency deviation ω can be described as
In steady state, the relationship between DC voltage deviation V dc and frequency deviation ω can be described as
The value of K 1 determines the ratio of frequency deviation and DC voltage deviation of VSC in steady state, namely the droop coefficient.
B. POWER ALLOCATION MECHANISM OF PROPOSED CONTROL
In order to demonstrate the proposed V dc -f control method could help nonsynchronous AC grids share their frequency regulations via the VSC-MTDC, the power allocation mechanism of the proposed control strategy should be investigated in detail. A simplified equivalent circuit diagram of the VSC-MTDC system is shown in Fig. 7 , where V dc_1 ∼ V dc_n and I dc_1 ∼ I dc_n represent the dc voltage and current of VSC respectively, V 0 is the voltage at the center point, R dc_1 ∼R dc_n represent the equivalent resistance of dc cables. According to (2) , the DC voltage deviation of node i can be described as
where K 1_i represents the control parameter K 1 of the i th VSC, and ω i represents the frequency deviation of the i th AC grid. According to Fig. 7 , the active power injected into the i th VSC from DC grid is described as
If there is a load change, the power deviation of the i th branch can be obtained as
where V 0 and V dc_i are voltage deviation value of center point and the i th VSC respectively. V 0 and V dc0 _i are initial voltage values of center point and the i th VSC respectively. The terms higher than first-order can be neglected since the DC voltage deviation in per unit is quite small. The power deviation of the i th VSC can be obtained as
V dc_i can be substituted by (3). Thus, another format of (6) is written as
When there is a load disturbance, the power deviation of the i th VSC is determined by (7) . According to (7), K 1_i affects the power sharing. Obviously, reasonable design of K 1_i could realize reasonable power sharing. The design of K 1_i will be described in section V.
V. PARAMETERS DESIGN AND MODAL ANALYSIS
As shown in Fig. 5 , there are 3 important parameters in the proposed control method, including reference frequency ω ref , droop coefficient K 1 and virtual inertia K 2 . In order to guarantee the frequency of each AC grid in the vicinity of 50 Hz, the reference frequency is set as the nominal frequency 50 Hz.
A. DESIGN OF DROOP COEFFICIENT K 1
The droop coefficient K 1 , namely the ratio of DC voltage deviation and AC frequency deviation, determines the change range of DC voltage as AC frequency changes in the permissible range. The design principle of K 1 in this paper is similar to the design rule of primary frequency regulation coefficient K of the traditional power plant. Primary frequency regulation coefficient K is the ratio of maximum permissible relative power deviation P max (generally ±5%) and the maximum permissible relative frequency deviation f max [8] . The mathematical formula is expressed as:
where P n is the rated active power of the power plant, and f n is the rated frequency. Similarly, K 1 is defined as the ratio of maximum permissible relative DC voltage deviation V dc_max and the maximum permissible relative AC frequency deviation ω max , which is formulated as
where V dc_n is the rated DC voltage, and ω n is the rated frequency. Assuming the maximum permissible relative DC voltage deviation is 10%, maximum permissible AC frequency deviation is ±0.2Hz and the nominal frequency is 50Hz, the droop coefficient K 1 equals to 25 by calculating according to (9) . Obviously, all the converters in the system shown in Fig.1 should possess the identical droop coefficient.
B. DESIGN OF VIRTUAL INERTIA COEFFICIENT K 2
K 2 introduced into the control loop, is used to set the virtual inertia of converter. The smaller K 2 is, the larger the virtual inertia is. The design of K 2 should refer to inertia of traditional AC generators.
It is noteworthy that equation (1) has a similar format to equation (10) which is the swing equation of a synchronous generator [24] .
where P is the difference between mechanical power and electromagnetic power; D is damping-constant; J is generator moment of inertia. The left part of equation (10) is ω/ P, while the left part of the converter control equation (1) is ω/ V dc . If the relationship of V dc and P can be obtained, the equation (1) could be transformed into an equation about ω/ P, which is the same with equation (10) .
In order to find the relationship of V dc and P, an equivalent connection of DC grid and AC grid should be is shown in Fig. 8 . Responding to the disturbance of the DC voltage of VSC, the change of active power injecting into VSC from DC grid can be expressed as
where V dc_i is the DC voltage deviation. When DC gird runs normally, the voltages of all DC nodes are close to nominal voltage. Therefore, for simplicity, the value of V dc_i is assumed to be the nominal DC voltage, namely V dc_i = 1 in per unit. Based on this assumption, the relationship of V dc_i and P dc_i can be obtained from (11) as (12) Substituting V dc_i given by equation (12) for V dc in equation (1) yields
Comparing (10) and (13), the equivalence between swing equation of synchronous generator and the proposed control strategy can be expressed by:
The moment of inertia J can be normalized in terms of per unit inertia constant H as follow [24] 
where ω B is rated frequency and S B is rated apparent power. Both values of ω B and S B can be set to 1 in terms of per unit. Substitution of J given by equation (16) in equation (14) yields (17) Generally, the inertia constant H of traditional generators lies in the ranges from 2 to 10 [9] . This paper takes 6 as the value of H.
VI. STATE SPACE MODAL ANALYSIS
The modal analysis is performed to evaluate the impact of the new control method on the stability of the AC/DC hybrid system.
A. AC SYSTEM MODEL
The generator swing equation can be written as
ω g_i (18) where ω g_i is the difference between the generator real frequency ω g_i and rated frequency ω ref_i , K g_i is the generator speed droop coefficient in the i th AC grid, P g_i is the difference between the reference active power and the electromagnetic power of SG in the i th AC grid. It assumes that the generator and VSC have the same output voltage magnitude U. According to Fig. 2 , the transmission power of transmission line in the i th AC grid can be written as
where, R l_i and L l_i present the resistance and inductance of transmission line respectively, ω i presents VSC frequency of the i th AC grid, θ i represents the phase angle difference between generator and VSC, P load_i is the load in the i th AC grid. The phase angle difference equation can be expressed as
where ω B is the basic frequency, ω g_i is the generator frequency deviation of the i th AC grid, ω i is the VSC frequency deviation of the i th AC grid. According to Fig. 5 , the VSC frequency difference equation of i th AC grid is written as
where K 1_i and K 2_i are the control parameters of the i th VSC. The transmission power ofi th VSC can be written as
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where C i is the capacitance of the i th VSC. Linearizing equations (19) , (22) and (23), and then combining them with equations (18), (20) and (21), the linearized model can be expressed as (24) .
where,
T is the input vector. A and B are the state space matrix and the input matrix.
Based on the topology in Fig. 1 and Fig. 2 , the state space model is built. The parameters of the model are given in Table 1 
C. PARAMETERS ANALYSES
The DC capacitor of VSC affects the dynamic stability of DC voltage. Modal analysis is carried out to investigate the influence of DC capacitor (C dc ) on the system stability. C dc is changed from 2mF to 0.1mF with a step of -0.1mF and the movements of dominant eigenvalues are recorded. The root locus as C dc varies is shown in Fig. 9 . As shown in Fig. 9 , the red arrows indicate the movement of dominant eigenvalues as C dc varies from 2mF to 0.2mF. In the case that C dc is larger than 0.2mF, all eigenvalues lie in the left half of the s-plane. When C dc equals to 0.1 mF, there are two eigenvalues moving into the right half of the s-plane. In order to make sure the system stable, C dc should be larger than 0.2mF.
To enhance the stability of the AC/DC hybrid system, the capacitance should be larger than 0.2mF. Here, capacitance C = 1mF is used in the following simulations, which is smaller than the capacitance in [8] (C = 2mF).
VII. SIMULATION AND RESULTS
To verify the effectiveness of the proposed method, an AC/DC hybrid system model is built in the software of MATLAB/Simulink, and the topology of the model is shown in Fig. 1 and Fig. 2 . The parameters of the model are given in Table I -III. All converters in this system adopt the proposed control strategy. Three operating cases are considered, which will be described in detail later. The simulation results are shown in Fig. 10-16 , noting that the injected power from DC grid to AC gird is the reference direction. The simulation result of traditional control strategy is not shown. Because it is obvious that, in the case of voltage measurement device malfunction, the traditional control method VOLUME 7, 2019 could not obtain the phase angle and amplitude information of AC voltage. Without this information, both the voltage control loop and current control loop of traditional method are unable to work. 
A. CASE I: VOLTAGE MEASUREMENT DEVICE SUDDENLY BREAKS DOWN
At the beginning, the AC/DC hybrid system operates at the steady state and the frequencies of the four nonsynchronous AC networks are 50 Hz. Then, at t=0s, the AC voltage measurement device of converter 3 breaks down. In this case, the controller of converter 3 loses the AC voltage information, so, it switches into the compromised mode. The active power and reactive power of converter 3 are shown in Fig.10 . The AC side voltages and currents waveform of converter 3 are illustrated in Fig.11 .
According to Fig.10 , in the case that the AC voltage measurement device of converter 3 malfunctions, it is observed that the output currents and voltages are very smooth in the moment of switching mode. There is almost no any distortion during the process of mode switching. According to Fig.11 , there are some distortions in the waveforms of active power and reactive power of converter 3 in the moment of switching mode. However, these distortions are very small relative to the absolute value of the apparent power. It almost could be ignored. Based on this result, it can be concluded that the control system could seamlessly transform from normal mode to compromised mode and keep operating stably when AC voltage measurement unit fails.
B. CASE II: A GENERATOR SUDDENLY QUITS WORK
After the AC voltage measurement of converter 3 broke down, the control system of converter 3 works in compromised mode. At t=40s, the synchronous generator in the fourth AC network quits working and the generator circuit breaker opens suddenly. The AC grids' frequencies, the converters' output powers and converters' DC voltages are illustrated in Fig. 12 , Fig. 13 and Fig. 14, respectively. After the synchronous generator disconnected from the 4 th grid, the fourth AC network becomes a passive AC system without synchronous generator providing reference frequency for this grid. As shown in Fig. 12 , with the proposed control method, the frequencies of AC grids decreased simultaneously. after a dynamic regulation, the frequencies of the four AC grids stepped into a new steady state. Though there is no synchronous generator to provide reference frequency to the 4 th AC grid, the converter station could provide reference frequency for the 4 th AC system. The result indicates that the proposed method has the ability of providing reference frequency for the passive AC systems.
When the generator disconnected from the 4 th AC grid, there will be a power unbalance in the 4 th AC grid. In Fig.13 , the injected active power from DC grid to the 4 th AC network increases at t=40s, while the active powers of the other 3 converter stations experience an opposite change. Namely, the other three AC grids distribute a part of their active power to the 4 th AC gird. It implies that, with the proposed control strategy, the AC girds could share their frequency regulation function via the DC grid, despite of the malfunction of AC voltage measurement. Besides, the DC voltage variations in Fig.14 is similar to the frequency variations in Fig.12 . It reveals the relationship between AC frequency and DC voltage of the proposed control method.
C. CASE III: OVER CURRENT LIMIT
After the AC voltage measurement of converter 3 broke down, the control system of converter 3 works in compromised mode. At t=40s, a new load of 120MVA reactive power and 30 MW active power is connected to the 3rd AC network. The active power and reactive power waveforms of converter 3 are shown in Fig.15 . The AC side voltages and currents waveforms of converter 3 are illustrated in Fig.16 .
Obviously, the increased load is larger than the rated power of converter 3. So, the current limit controller will be put into work to avoid the converter running in over current condition. As shown in Fig.15 , after some brief fluctuations, the active power of converter 3 increases 30 MW, while the reactive power increases 20 MVA which is far less than the new load.
This phenomenon confirms the effectiveness of current limit controller. It also illustrates that the current limit controller avoids the over current by regulating reactive current. According to Fig. 16 , after an over load is connected to 3th AC grid, the current of converter 3 increases, while the terminal voltage decreases. This implies the over current is avoided by regulating the terminal voltage of converter.
VIII. CONCLUSION
Reliability is one of the primary concerns for the MTDC. Based on V dc -P-f droop control, this paper proposes a tolerant control method for the malfunction of AC voltage measurement device. This control strategy could help the converter station be in safe and healthy operation in the case of AC voltage measurement fault. With the proposed control method, converter station could still realize three important functions despite of AC voltage measurement malfunction. The first one is providing a reference frequency to a weak AC grid. The second one is allowing the nonsynchronous AC grids to share their frequency regulation function. The third one is limiting over current.
When AC voltage measurement equipment breaks down, the control method will switch from normal mode into compromised mode. However, there is no current loop in the compromised mode. Although the new control method could limit over current by regulation reactive power. If the AC voltage measurement device fails and the active power is beyond the tolerance level at the same time, the converter will have to stop working. This calls for further research to improve the control method so as to handle the over power case.
